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where _ A() is the annual ﬂow of new knowledge (ideas) and A the knowledge stock
available each year (Ha and Howitt, 2007). The rate of change in knowledge is pos-
itively affected by R&D input X, and negatively by the rise in product variety, Q.
The latter is the product proliferation effect associated with demographic change L
(Qt / L

t ), that dilutes R&D expenses over a larger number of projects.  is a dupli-
cation parameter which is 0 when innovations are replications of existing products, and
1 when there are no duplicating innovations.
Equation (1) incorporates the main innovation mechanisms designed by the growth
theory (Table 1). Under  = 0 and  = 1, _ A=A is consistent with the neoclassical
prediction that productivity grows exogenously. The R&D-based, fully endogenous
growth setup of the ﬁrst-generation Schumpeterian models (hereafter denoted by FE I)
emerges when  > 0,  = 1 and  = 0 (Aghion and Howitt, 1992; Romer, 1990).
_ A=A approaches the semi-endogenous, scale-invariant growth framework (SE) in the
original version designed by Segerstrom (1998) when  > 0,  < 1 and  = 0, or in
the hybrid version including a (weak) product proliferation effect when, other things
equal,  < 1. Lastly, equation (1) is consistent with the second-generation, fully
endogenous, scale-invariant growth mechanism (FE II) of Aghion and Howitt (1998,
Ch. 12) when  > 0,  = 1 and  = 1. SE and FE II frameworks have been motivated
on the basis of the Jones (1995) critique against the prediction of FE I models that
economic growth is proportional to the level of R&D.
The innovation function (1) has been assessed by several empirical works, most of
which found that FE II theories are more consistent with data (Ha and Howitt, 2007;
Madsen, 2008). Evidence corroborating the SE framework has been partially reported
by Ang and Madsen (2010), Barcenilla-Vis´ us et al. (2010), and more extensively by
2Table 1: Classiﬁcation of growth models
  
Neoclassical NEO =1 - =0
Fully Endogenous I FE I =1 =0 >0
Semi-Endogenous SE <1 [0,1) >0
Fully Endogenous II FE II =1 =1 >0
Source: Ha and Howitt (2007).
Venturini (2010) looking at R&D races underlying these models. Findings inconsistent
with either branch of the most recent Schumpeterian theories are provided by Madsen
(2007).
Since Aghion and Howitt (1992), endogenous growth literature has developed as
quality ladder theory. However, the role of innovation quality has almost completely
been superseded by extant studies, which tested the various setups by estimating equa-
tion (1) with patent counts as a measure of innovation output, not controlling for their
quality content. This means considering only the horizontal dimension of innovation
(product variety). Also, the majority of works rely on country-level data, whereas new
growth models are conceived to describe innovation mechanisms occurring at the in-
dustry level. Due to this (non-negligible) twofold inconsistency with growth theory,
the present work revisits evidence on Schumpeterian endogenous growth by applying
US manufacturing industry data on product variety (patent counts), product quality
(patent quality) and research engagement (R&D capital) to the innovation framework
described by equation (1). The outline of the work is as follows. Section 2 illustrates
the econometric speciﬁcation and the employed data. Section 3 reports results. Section
4 concludes.
2 Econometric speciﬁcation and data
We estimate the steady-state framework where Qt = L

t and equation (1) (in logs) is
reworded as:
ln _ Ait = 0i + 1 lnXit + 2 lnLit + 3Ait + TD + it (2)
3where 0i = lni, 1 = , 2 =  , 3 = . Subscripts denote time and industry.
0i are industry ﬁxed-effects, TD common time dummies, and it stationary error
terms. In contrast to the majority of works, A is considered as innovation output,
not as TFP, in order to avoid imposing a stationarity condition on productivity growth
which is hard to hold on disaggregated industry series (see Venturini, 2007).
The cointegration relationship (2) is estimated with the panel dynamic OLS es-
timator (Mark and Sul, 2003) on twenty US manufacturing industries for the period
1975-2003.1 Data on patent counts (number of applications) and patent quality (for-
ward citations, backward citations, claims) are taken from NBER Patent Data ﬁles,
industry accounts data from EU KLEMS, and total R&D expenses from the National
Science Foundation and OECD ANBERD. Data details and statistical properties of the
series are provided in the web appendix.
The ﬂow of new ideas _ A is initially measured by total patent applications; the stock
of available knowledge, A, by the cumulative value of the ﬂow of new ideas, obtained
with the perpetual inventory method and geometric depreciation. We then discriminate
patented innovations by their quality content weighting each patent with the number
of forward citations received (scaled on manufacturing mean to control for truncation).
Although this is the most commonly used patent quality indicator (Trajtenberg, 1990),
as an alternative we also adopt backward citations made to existing patents, and prior-
ities claimed in patent applications. Product proliferation, L, is measured by real gross
output; research input, X, by the stock of real R&D expenditure.
1Industrylist(ISICRev. 3categoriesandOECDtechnologicalclassesinparentheses): 1)Food, beverage
& tobacco (15-16; Low-Tech, LT), 2) Textile, leather & footwear (17-19; LT), 3) Pulp, paper, printing &
publishing(21-22; LT),4)Petroleum, reﬁning&extraction(23; Medium-LowTech, MLT),5)Chemicalsand
chemical products (24; Medium-High Tech, MHT), 6) Pharmaceuticals (2423; High-Tech, HT), 7) Rubber
& plastics (25; MLT), 8) Other non-metallic mineral (26; MLT), 9) Basic metals (27; MLT), 10) Fabricated
metal products (28; MLT), 11) Machinery (29; MLT), 12) Ofﬁce, accounting and computing machinery (30;
HT), 13) Electrical machinery and apparatus, nec (31; MHT), 14) Electronic valves and tubes (321; HT),
15) Communication equipment (322t3; HT), 16) Scientiﬁc instruments (331t3; HT), 17) Other instruments
(334t5; HT), 18) Motor vehicles, trailers and semi-trailers (34; MHT), 19) Other transport equipment (incl.
aerospace, 35; HT), 20) Wood, furniture and manufacturing nec (20, 36-37; LT).
43 Results
Estimates of eq. (2) are shown on the top of Table 2, the implied coefﬁcient of product
proliferation, , in the middle, while the bottom section sums up the values assumed by
the theoretical variables and the growth theory identiﬁed by the various speciﬁcations.
A linear Wald test is used to check the hypothesis of constant returns in the innovation
function ( = 1), a non-linear one based on the delta method to assess whether 
equals zero (as in FE I or original SE), or  equals one (as in FE II).
In column (1), estimates are obtained with patent counts as a proxy for new ideas
_ A, and their cumulative value for A. The elasticity of _ A with respect to R&D input, X,
is 0.042, that of the ideas stock one (Wald test p-value for  = 1: 0.65). The coefﬁcient
of L is insigniﬁcant and the Wald tests performed on the ratio  2=1 indicate that
product proliferation does not sterilise the R&D effort. Unambiguously, this evidence
supports FE I ( = 1,  = 0,  > 0). The innovation function is then examined
across technology-based industry groups. In medium- and low-tech sectors (col. 2),
we ﬁnd decreasing returns and a negative effect of product proliferation which, clearly,
is not grounded theoretically. Mixed evidence emerges for the high- and medium-tech
group (col. 3): the positive, smaller than unity impact of product proliferation ﬁts
the predictions of the hybrid SE framework ( = 0:38), while constant returns are
consistent with FE II.2 When the focus is restricted to high-tech industries only (col.
4), innovation counts turn out to be unrelated to R&D input ( is not deﬁnite).
Next, columns (5) to (8) show results yielded using forward cites-weighted patents
as a proxy for ideas. For the overall sample, results differ from col. (1) because of
a smaller elasticity of R&D input (0.019), the presence of decreasing returns (0.937)
and a strong (unitary) impact of product proliferation. In the light of such results, it
is not possible to establish which new R&D-based growth model is better grounded
empirically ( < 1,  = 1,  > 0). Though, more valuable information is obtained
by separately assessing the two large technology-based groups of industries (cols. 6
and 7). On the one hand, a neoclassic-type framework of growth is found to hold for
medium- and low-tech sectors ( = 1,  = 0,  non deﬁnite). On the other hand,
2FE I is not compatible with product proliferation.
5evidence consistent with the hybrid version of SE framework emerges for high- and
medium-tech industries ( < 1,  > 0,  2 (0;1)). The latter ﬁndings are conﬁrmed
when attention is paid to high-tech manufacturing only (col. 8), for which we ﬁnd a
larger impact of R&D capital (0.058) and a stronger sterilisation of R&D by product
proliferation ( = 0:74).
As robustness checks, backward citations are adopted as an alternative measure of
innovation quality, providing scarcely conclusive ﬁndings (cols. 9-12). This may de-
pend on the derivative nature of such a patent indicator (Hall et al., 2007), which is
a powerful conduit of information on innovation quality only for the most technolog-
ically advanced manufacturing industries (col. 12); for high-tech sectors, evidence is
partially corroborating both SE and FE II ( < 1,  = 1,  > 0).
Some key ﬁndings obtained with forward cites are reafﬁrmed weighting patents
with claims. First, in technologically backward industries, innovation is found to be
independent of R&D input (col. 14). Second, although there is no clear-cut evidence
for the wide group of high- and medium-tech sectors (col. 15), the empirical model
is fully consistent with the SE framework in its original version when only the most

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This paper examined the innovation functions designed by the most recent Schum-
peterian growth theories using US manufacturing industry data. In contrast to existing
evidence based on innovation counts, when innovation quality is adequately allowed
for (forward citations), semi-endogenous growth models are found to outperform other
theories especially for the most knowledge-intensive section of the economy.
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